A spectrophotometric method for the simultaneous calculation of the concentrations of oxyhaemoglobin, methaemoglobin and bilirubin in cerebrospinal fluid is described. based on the first and second derivative spectrum between 350 and 650 nm. Specificity compares favourably with other methods currently in use. The proposed method minimises the effect of turbidity and permits the measurement of concentrations below (1·3 umol/L,
In healthy individuals cerebrospinal fluid is optically clear: the absorbance in the visible region of the spectrum does not exceed ()'()2. However, for almost a century it has been recognised that certain cerebrovascular accidents may cause spinal fluid to become coloured. I Until IlJ55 2 this condition, called xanthochromia. could only be assessed visually. The advent of spectrophotometry resulted in an improved sensitivity which allowed the (semi)quantitative measurement of pigments present in xanthochromic spinal fluid. These appeared to be mainly bilirubin and oxyhaemoglobin.?..1 More sensitive methods also permitted the detection of rnethaemoglobin. especially in patients with haernatoma.": :> In IlJ(,(). Kronholm and Lintrup presented a method for the quantitative measurement of these three pigments in spinal f1uid.~Together with the investigations of Barrows, lIunter and Banker.! this marked the beginning of <I technique for the differential diagnosis of various haemorrhagic and traumatic disorders of the brain based on the relative concentrations of blood pigments. Although their results were promising, Kronholm and Lintrup were aware of the limitations of their method; the presence of other pigments, as observed in jaundice and uraemia. as well as turbidity. may lead to erroneous results.~Their method has also been criticised for neglecting the influence of the protein concentration." (, For these reasons. qualitative or semiquantitative measures. such as the xanthochromic index. are still being used." 1 However, reports from several investigatorst"!' strongly suggest that a reliable quantitative method for the determination of blood pigments may have clinical value.
Since. in our view, no method based on the original absorbance spectrum will give reliable quantitative results in the presence of only small amounts of pigments, we decided to investigate the merits of derivative spectrophotometry. It has been reported that derivative spectrophotometry of a mixture of components can provide better resolution in situations where the individual absorbance curves overlap. [12] [13] [14] It is also known to reduce interference due to elevated or gradually rising baselines. I 4-11 Therefore. we envisaged that the use of derivative spectrophotometry in the measurement of blood pigments in cerebrospinal fluid might reduce the overlap between the absorbance curves of the three pigments and eliminate the influence of turbidity.
Materials and methods
Cerebrospinal fluid was routinely obtained from patients by lumbar puncture. Samples were assayed within 12 h after collection and in the meantime stored at 4°C. No demonstrable spectral changes were observed within this time. Spectrophotometric analysis was performed on the supernatant after centrifugation <It ROO g for 15 min. Since especially the absorbance spectrum of methaemoglobin is influenced by changes in pH. 4 • IX a one-tenth volume of 0·2 M phosphate buffer (pH 6,6) was added to the supernatant prior to the measurements. This addition resulted in a final pH between 6·7 and 7·2. Within this range no measurable differences between the absorbance spectra were observed.
All reagents were purchased from Merck (Darmstadt. FRO). except bilirubin and methaemoglobin, which were obtained from Sigma Chemical Co. (St Louis. MO. USA).
Oxyhaemoglobin stock solutions were prepared by washing packed red cells four times with 0·9% (WIV) NaCI. lysing in deionised water and subsequently centrifuging at 1500 g for 20 min.?: " Methaemoglobin and carboxyhaemoglobin concentrations were small, both less than I% of the total haemoglobin concentration. After flushing with pure 0 2 , IK we did not observe any measurable changes in the absorbance spectrum. Methaemoglobin stock solutions (about 4 rnmol/L) were prepared in deionised water. Bilirubin stock solutions (about I mmol/L) were prepared in 0·1 % (WIV) Na2COJ' Before use, a 50 umol/L bilirubin solution was prepared in spectrophotometrically clear cerebrospinal fluid. Final concentrations (O·I-IS umol/L) were obtained by dilution with 0·07 M phosphate buffer (pH 6,6) and albumin was added to a concentration of 0·4 giL. In this matrix the absorbance spectra of bilirubin, oxyhaemoglobin and rnethaemoglobin were comparable with data from literature.": 12. IK. It} Absorbance spectra between 6S0 and 350 nm were recorded using a Spectronic 2(NIO UVlVis spectrophotometer (Bausch and Lomb Analytical Systems Div., Rochester, NY, USA), slit width 2 nm, scan speed J(lO nrn/min. Data (wavelength and absorbance) were transmitted at a rate of approximately two per s through an RS-232 interface to an HP-X5 microcomputer (Hewlett Packard Co.. Corvallis. OR, USA)
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for calculation of derivative spectra. First and second derivative spectra were calculated using a 6A.=20 nm. This relatively large 6A. effectively enhanced the signal to noise ratio. In order to obtain an even greater sensitivity, the area under the curve near a specific minimum or maximum in the first or second derivative spectrum was used for calculations, rather than the peak height itself. This resulted in a 40-50% lower coefficient of variation and, therefore, a lower detection limit.
Results
The absorbance spectra of oxyhaemoglobin, met haemoglobin and bilirubin overlap significantly, as can be observed in Fig. Ia . This overlap is clearly diminished in the derivative spectra ( Fig. lb, c ). In the original absorbance spectrum there is no suitable wavelength for measuring one of the three pigments without substantial interference from at least one of the others, but in the derivative spectra such wavelengths can be identified. In the first derivative spectrum ( 576 nm i~characteristic for oxyhaemoglobin. The single peak between 405 and 414 nm in the second derivative spectrum is caused by both haemoglobins: at neutral pH it will be found at 405 nm with pure methaemoglohin and at 414 nm with pure oxyhaemoglobin. With these three data the composition of a mixture of the three components can be computed. The best resolution can be obtained by using the area between 400 and 41R nm of the second derivative spectrum for calculation of total haemoglobin concentration. the area between 568 and 584 nm of the second derivative spectrum for calculation of the amount of oxyhaemoglobin and the area between 490 and 500 nm of the first derivative spectrum for calculation of bilirubin concentration. As can be seen from Table I . this results in a considerable reduction in the overlap between the three TABLE I. Mutual overlap of the three pigments ill different wavelengths, Absorption of the pigment with the highest absorption at the specified wavelength is arbitrarily sci at I pigments. For instance. the absorbance of I urnol/L bilirubin in the original absorbance spectrum between 412 and 420 nm is 25-JJ'X, of the absorbance of I~lmol/L oxyhacmoglohin, but in the second derivative spectrum the area between 400 and 41X nm or between 56X and 5X4 nm of I umol/L bilirubin is less than I'X, of the area of I umol/L oxyhaernoglobin. However. if turbidity. resulting in a gradually rising baseline towards the near-ultraviolet. is present. calculation of the bilirubin concentration from the first derivative spectrum will result in an overestimation. This interference can be minimised by using the area between 500 and 520 nm of the second derivative spectrum for calculation of the bilirubin concentration. A disadvantage here is the greater influence from oxyhacmoglobin in the second derivative spectrum: the contribution of I umol/L oxyhaemoglobin rises from 5% to 45% compared with the contribution of I urnol/l, bilirubin (Tallie I).
However. since oxyhaemoglohin can be measured independently. its influence can be compensated for. The effect of turbidity on calculations from the original absorbance spectrum or the first derivative spectrum cannot easily be quantitated and therefore remains an unknown factor. The respective areas in the derivative spectra proved to be linearly related to the actual concentrations of standard series for all three pigments investigated up to concentrations of at least III umol/L. Linear regression yielded excellent correlation (Table 2) . Repeated measurement of pooled cerebrospinal fluid (with pigments added) in the same run and on two consecutive days also indicated a satisfactory precision ( Table J) . Calculation of total haemoglobin. oxyhaemoglobin and bilirubin can be performed with a coefficient of variation TABI.r: 2. Linear regression of standard series 01' oxyhaemoglobin. methaemoglohin and bilirubin and the respective areas in first and second derivative spectrum. calculated hy the method 01 least squares, All concentrations arc in umoi/L, The slope is presented with the 1)5% confidence interval as determined by student's r-tcst 
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Precision studies. Conccnmuions were calculated as described in the Appendix. Bilirubin was calculated from the !'irsl (hiliruhin I) and second (hiliruhin 2) derivative spectrum der.sp, =calculation from derivative spectra. spectrum. In our laboratory the result would have been reported as 'blood pigments absent'. Although in this example simple visual inspection of the absorbance spectrum should be sufficient to avoid errors. low concentrations of pigments in the presence of such turbidity are almost impossible to determine from the normal absorbance spectrum. The spectra of the two cerebrospinal fluids presented in Figs 3 and 4 show small amounts of haem derivatives in the presence of gradually rising background of less than 2-5'1.. in the within-run and less than 5% in the between-run assay. Only in the presence of turbidity. when bilirubin has to be calculated from the second derivative spectrum. must a higher coefficient of variation be accepted. Nevertheless. the elimination of the influence of turbidity is important enough to accept this small loss in precision.
From the 'molar areas' of the three pigments determined in this way ( Table 2 ) a set of formulae can be constructed to calculate their respective concentrations in a sample (see Appendix).
In the absence of substantial background absorption. results correlate excellently with the method described by Kronholm and Lintrup." However. many spinal fluids do display some background absorption. especially in the near-ultraviolet region of the spectrum.
The presence of . 1 constant or gradually rising background absorption (caused by turbidity. often invisible to the naked eye) can represent a serious pitfall in the assessment of low conccntrations of pigments in the original absorbance spectrum. Some examples will demonstrate that recording derivative spectra is a powerful tool for minimising these problems.
The example in Fig. 2 clearly demonstrates that the calculations according to Kronholm and Lintrup" and Wahlgren and Bergstrom" produce erroneous results in the presence of a gradually rising background absorption. It can be seen that a spectrum of this type is not caused by appreciable amounts of haem derivatives; an observation whieh is supported by the results calculated from the second derivative absorption. Results obtained from the second derivative spectra (Figs 3b, 4b ) are significantly lower than the results from the original absorbance spectra (Figs 3a, 4a ) using the calculations according to the referenced authors.": (, As a control for our method we constructed the spectra predicted by the calculation from the second derivative spectrum. The similarity of this second derivative spectrum to the second derivative spectrum of the sample clearly supports the validity of derivative spectropho-
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tometry. In contrast, the spectra constructed according to the results from the calculations by the previously mentioned methods" b show hardly any overlap at all with the samples, neither in the original spectrum, nor in the derivative spectra. Apparently. the influence of turbidity can lead to considerable overestimation of the pigments present if the normal absorbance spectrum is used for calculations.
Discussion
Although even in derivative spectra there are no areas where one of the three pigments can be measured without some interference from one of the others. overlap is considerably reduced compared with the normal absorbance spectrum ( Table 1 ). The determination of the haemoglobins is hardly influenced by bilirubin, and the influence of the haemoglobins on the determination of bilirubin from the first derivative spectrum is usually almost negligible. Of course, measurement of the absorbances at three different wavelengths. for instance 400. 412 and 480 nm": 5 or 400. 420 and 470 nm." produces sufficient data to permit calculation of the respective concentrations of oxyhaemoglobin. methaemoglobin and bilirubin (assuming the absence of other chromophores) but it is disadvantageous that they cannot be measured separately. From the data presented here one may conclude that recording derivative spectra has advantages in this respect. A more serious problem is the presence of background absorption. The extremely low but clinically significant concentrations of blood pigments that can be encountered in cerebrospinal fluid make methods using the original absorbance spectrum very susceptible to this interference. Wahlgren and Bergstrom" tried to compensate by correcting for the protein concentration, but in our hands no correlation could be demonstrated between the protein concentration of the sample and background absorption.
The most effective way to eliminate the influence of background absorption is by calculation of derivative spectra.P: II> It can be mathematically deduced that a constant elevated baseline is completely eliminated in the first derivative spectrum and a linearly rising baseline is eliminated in the second derivative spectrum. Many spinal fluids display some background absorption between 3S0 and SOO nm without specific maxima. Such shallow curves are almost reduced to zero in the first and second derivative spectrum. By reducing the effect of this 'normal' absorption. low concentration pigments can be detected more easily in derivative spectra. Although usually higher coefficients of variation are encountered in derivative spectra because small variations in the original spectrum are enhanced.':' this effect is offset by using the area under the curve instead of the peak height in combination with a relatively large L.A..
Even severe turbidity has little influence on the second derivative spectrum. Although the absorbance spectrum resulting from the presence of turbidity is not completely linear (Fig.  2) and. therefore. not completely eliminated in the second derivative spectrum. the influence is usually sufficiently reduced to permit reliable calculation. Indeed. if the second derivative spectrum for the composition calculated by our method is computed. overlap with the second derivative spectrum of the original sample is almost complete. even in the presence of marked turbidity (Figs 3b. 4b ). With turbid samples derivative spectrophotometry can make the difference between a reliable estimate and a completely inaccurate result. An experienced investigator will therefore be very cautious in reporting quantitative results from the absorbance spectrum of a turbid sample.
If concentrations arc not too small and there is no substantial background absorption. our method correlates well with the method of Kronholm and Lintrup." Surprisingly. molar absorptions of oxy-and methaemoglobin used by Wahlgren and Bergstrom" are much smaller and consequently calculations according to their method consistently yield higher values. However. the review of van Kampen and Zijlstra l X also supports our observations.
It can be concluded that analysis of cerebro-. spinal fluid by derivative spectrophotometry provides us with a reliable estimate of the respective concentrations of oxyhaemoglobin. methaemoglobin and bilirubin. Our method compares favourably with other methods currently in use in terms of sensitivity and freedom from the influence of turbidity and can yield clinically meaningful information. Derivative spectrophotometry has been successfully introduced in our laboratory as a method for measuring blood pigments in cerebrospinal fluid. Apart from the time needed to measure a baseline. results can be obtained within 5 min. Since spectrophotometer operation is almost completely controlled by the computer. analysis is simple and easy to perform.
